In actin from many species H73 is methylated, but the function of this rare post-translational modi®cation is unknown. Although not within bonding distance, it is located close to the g-phosphate of the actinbound ATP. In most crystal structures of actin, the d1-nitrogen of the methylated H73 forms a hydrogen bond with the carbonyl of G158. This hydrogen bond spans the gap separating subdomains 2 and 4, thereby contributing to the forces that close the interdomain cleft around the ATP polyphosphate tail. A second hydrogen bond stabilizing interdomain closure exists between R183 and Y69. In the closed-to-open transition in bactin, both of these hydrogen bonds are broken as the phosphate tail is exposed to solvent.
Introduction
Actin and myosin use free energy provided by hydrolysis of ATP to generate movements in muscle and non-muscle cells. In this process, myosin is believed to be the central force-producing component, whereas actin is seen as a relatively passive element, whose role is to activate the myosin ATPase and bear the load during force generation.
1,2 However, actin also possesses an ATPase activity thought to be important in controlling ®la-ment turnover in the cell (reviewed by Chen et al.
3
). At low salt concentrations, where the protein exists as monomers in solution, the nucleotide stabilizes the protein. Furthermore, nucleotide hydrolysis and P i -release during polymerization have been implied to in¯uence the ®nal structure of the ®la-ment formed. 4 ± 6 Hydrolysis of ATP on actin and product release might also be intrinsic to force generation during muscle contraction and non-muscle cell motility. 7, 8 Therefore, it is of great interest to explore the mechanism by which actin cleaves ATP. We have undertaken a series of investigations examining the role of the amino acid residues in and around the nucleotide-binding site during ATP hydrolysis and P i -release. 9 ± 11 Actins from most eukaryotes carry a methylated histidine at position 73. 12 ± 14 This residue is of interest in connection with ATP hydrolysis in actin because its d1-nitrogen can form a hydrogen bond with the carbonyl group of G158, thereby contacting the G156-V159 loop that chelates the phosphate tail of ATP. 15 This hydrogen-bond bridges the cleft separating the two major domains of actin. The presence of a methyl group on MeH73 confers a positive charge on the side-chain. This enables H73 to participate in a network of electrostatic interactions comprising charged residues E72, MeH73, R177, D179, and R183 that constitute a barrier between the terminal phosphate and the solvent (Figure 1 ). In the crystal structures, the imidazole of H73 does not make direct contact with the terminal phosphate, but it is in a position to mediate conformational changes in the hairpin loops associated with nucleotide binding thereby governing nucleotide hydrolysis and polymerization.
The methyl group of S-adenosyl methionine is transferred to H73 by a methyl transferase that speci®cally recognizes a peptide in vivo corresponding to residues 69-77 of actin. 16 The modi®-cation is highly conserved among actins from different species. 17, 18 For a long time the only known exception was actin isolated from Naegleria gruberi which has an unmethylated histidine 73. 19 However, it was reported recently that the yeasts Candida albicans and Saccharomyces cerevisiae also lack this modi®cation, suggesting that methyl histidine may be present only in multicellular eukaryotes. 20 Two highly conserved b-hairpin loops chelate the phosphate tail of ATP between the two major domains of actin. Residues within these loops, The overview to the left outlines the area shown in stereo to the right. The barrier residues E72, H73, R177, D179 and R183; the phosphate binding loop-residues S14, D157 and G158; and the hydrogen-bond forming residues Y69 and R183 are labeled. In the open state (bottom row) the b and g-phosphates (yellow) of the ATP are exposed. In the left overviews, the bhairpin loops chelating the ATP phosphate tail are colored red, the site of H73 is colored green, and the Q137-S145 helix is colored yellow. All molecular graphics were prepared with RasMol. 66 S14, 9 D157, 9,21 and V159, 22 and residues in the vicinity of the nucleotide binding site, e.g. R177 9, 23 and H73, 24 have been found to be crucial for maintaining the interdomain geometry in actin. However, residues directly involved in the ATP hydrolysis reaction have not yet been identi®ed.
Earlier work on the H73 of actin involves copolymerization of actin mutated at position 73 with wild-type actin, 25, 26 and an extensive study of actin where H73 was replaced by several different amino acid residues. 24 However, there have been no reports on the effects of mutating MeH73 on ATP hydrolysis and phosphate release; nor has the signi®cance of methylation for ATPases in general been explored.
Here, chicken b-actin with histidine 73 replaced by either alanine (H73A) or aspartic acid (H73D) was expressed in S. cerevisiae. Both mutant actins were puri®ed by DNase I-af®nity chromatography, but only the H73A-actin could be isolated from endogenous yeast actin. The characterization of mutated actin (H73A) with respect to DNase Ibinding, nucleotide exchange, thermostability, ATPase activity, polymerizability and phalloidinbinding in comparison with non-methylated wildtype actin expressed in S. cerevisiae is described here. In addition, non-methylated yeast-expressed wild-type b-actin is compared with methylated mammalian b and a-actin. The results con®rm that H73 is important in stabilizing actin in monomeric as well as polymeric form, and that in the absence of a methyl group on the e2 nitrogen of H73, ATP hydrolysis and phosphate release occurs in advance of polymerization.
The present work also demonstrates that there is a signi®cant difference between the a and b-actin isoforms in the timing of ATP hydrolysis and phosphate release during polymerization. The mechanism of P i -release and the role of MeH73 in the interdomain relationship in actin are discussed.
Results

Isolation of mutant actins
Chicken b-actin expressed in S. cerevisiae was puri®ed from cell extracts using DNase I-af®nity chromatography, and separated from endogenous yeast actin by chromatography on hydroxylapatite. 27, 28 The H73A mutant actin was eluted from hydroxylapatite at the same ionic strength as wild-type b-actin, well separated from the yeast actin. It was recently shown that yeast actin is not methylated. 20 Also, unlike mammalian actin, yeastexpressed actin retains its N-terminal methionine. 29 To distinguish actins expressed in yeast from wildtype mammalian actin, the following nomenclature will be used: wild-type mammalian b-actin puri®ed from calf thymus is referred to as b-actin cow ; yeast-expressed wild-type b-actin as b-actin yeast and the H73A mutant actin as H73A-actin. It should be noted that the mammalian b-actin is identical in sequence to chicken b-actin. One actin mutant, H73D actin, bound to DNase I, but conditions for its separation from yeast actin have yet to be found, and it will not be discussed further.
Actin:DNase I-interaction
The binding site on actin for DNase I involves parts of both subdomains 2 and 4. 15 Thus, DNase I spans the cleft between the two domains of actin at the (À)-end (so called pointed, or slow growing, end) of the molecule. Earlier work showed that the DNase I-inhibiting activity of actin can be used to probe interdomain relationships in the molecule. 30 It is shown here that the af®nity of b-actin yeast for DNase I is closely similar to that of mammalian b and g-actins, whereas the af®nity of H73A-actin for DNase I was greatly decreased (Table 1) . Thus, exchanging Ala for His at position 73 causes a signi®cant alteration at the DNase I-binding site, even though H73 is 10 A Ê away.
Thermostability
Since the alteration in the DNase I-inhibiting activity caused by the H73A-mutation suggests 
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The K d for DNase I:actin interaction was determined using the DNase I inhibition assay. The dissociation rate constant for ATP (k ÀATP ) was determined from the rate of eATP-incorporation. Figure 2 . Thermal stability of G-actin. The stability of b-actin yeast , b-actin cow, and H73A-actin was determined using the DNase I-inhibition assay. The DNase I-inhibition activity at 25 C was normalized to 100 for each actin. Circles, b-actin yeast ; squares, b-actin cow ; triangles, H73A-actin. Filled symbols, Ca-actin; open symbols, Mg-actin.
Analysis of Methylhistidine in Actin
relative changes in the orientation of the two major domains of actin, it was of interest to investigate the thermal stability of the different actins. For this, the DNase I-inhibition assay was employed as described earlier. 30 As shown in Figure 2 , the Mg and Ca-forms of b-actin yeast lost their DNase I-inhibiting activity in a single transition with a t 1/2 of 55 C and 58 C, respectively. The H73A-actin was less stable, with t 1/2 -values of 50 C and 55 C for the Ca and Mg-form, respectively. Comparison of the thermal stability of b-actin yeast and b-actin cow showed that the non-methylated, incompletely N-terminally processed b-actin yeast was somewhat more stable than the methylated, N-terminally processed counterpart in both the Mg and Ca-states.
Nucleotide exchange
To investigate whether the H73A-mutation in¯u-enced the binding of ATP to actin, measurements of nucleotide exchange rate were performed. For this, ATP-actin was incubated with eATP in the absence of excess ATP, and the increase in¯uor-escence resulting from eATP binding to actin was monitored. Under the conditions used, including a large excess of eATP, rebinding of ATP is negligible and the rate of incorporation of the¯uor-escent nucleotide therefore represents the off-rate for ATP (k ÀATP ). 31 Table 1 shows that for both the Mg and the Ca-form, the k ÀATP for H73A-actin was tenfold higher than for b-actin yeast .
G-actin ATPase
To evaluate the effect of mutating His73 on the intrinsic ATPase activity of actin, the activities of both the Ca and Mg-forms of b-actin yeast and H73A-actin were examined. Figure 3 shows that bactin yeast in the Ca-form under non-polymerizing conditions hydrolyzed ATP at a rate of 0.05/hour, whereas the H73A Ca-actin apparently was unable to hydrolyze ATP. In the Mg-form, b-actin yeast exhibited a fourfold higher ATPase activity (0.2/ hour) than in the Ca-form, while the H73A-actin in the Mg-form expressed only a weak activity (0.02/ hour). Thus, under non-polymerizing conditions, it seems that a histidine residue at position 73 is necessary for actin to hydrolyze ATP.
Polymerization, ATP hydrolysis and P i -release
In 0.1 mM CaCl 2 and 100 mM KCl, the b-actin yeast polymerized to steady state in about two hours (Figure 4(a) ). The ATP hydrolysis and phosphate release preceded polymerization during the elongation phase. The rate of hydrolysis continued undiminished after steady state of polymerization had been reached. The overall rate of hydrolysis during polymerization was 0.5 h À1 . The H73A mutant did not form ®laments nor did it hydrolyze ATP under these conditions
With Mg 2 at the high-af®nity cation binding site (50 mM MgCl 2 ), and with 100 mM KCl added to the solution (Figure 4 (b) and (e)), the b-actin yeast polymerized to steady state in 15 minutes and ATP hydrolysis occurred simultaneously with, or slightly ahead of ®lament formation as probed by the pyrenyl-assay. The H73A-actin was able to form ®laments under these conditions although polymerization did not reach steady state until after 25 minutes. As in the case of b-actin yeast ATP hydrolysis preceded ®lament formation.
With Mg 2 at the high-af®nity binding site, and with 1 mM MgCl 2 and 100 mM KCl in the solution (Figure 4 (c) and (f)), polymerization was faster for both b-actin yeast and the H73A mutant, reaching steady state in 12 and 20 minutes, respectively. The effect of the additional Mg 2 on ATP hydrolysis was remarkable in that both actins hydrolyzed ATP well ahead of ®lament formation, and the amount of ATP consumed at steady state was higher than that expected from the amount of actin added. In these experiments as well as in those of Figure 4 (b) and (e), ATP hydrolysis proceeded with the same kinetics for both b-actin yeast as well as H73A-actin, independently of the polymerization rate.
It is interesting that the gain in polymerizability of the H73A-actin (Figure 4 S. cerevisiae does not methylate histidine 73 in actin. 24 The availability of methylated b-actin isolated from calf thymus offered the possibility of investigating the speci®c effect of the methyl group on the imidazole on ATP hydrolysis and phosphate release. Figure 6 shows that with Mg-bactin cow supplemented with 1 mM MgCl 2 and 100 mM KCl, ATP hydrolysis and phosphate Figure 3 . ATPase activity of G-actin. The amount of inorganic phosphate generated by 12 mM Ca-and Mgactin in buffer G was monitored using the phosphomolybdate precipitation assay. Filled symbols, b-actin yeast ; open symbols, H73A-actin; circles Mg-actin, triangles, Ca-actin.
release followed closely the progress of ®lament formation, whereas b-actin yeast under the same conditions hydrolyzed ATP and released P i prior to ®lament formation.
In the polymerization/ATPase experiments described above, P i -release appeared to occur simultaneously with ATP hydrolysis. Earlier reports with a-actin have described a delay between hydrolysis and P i -release. 32, 33 Thus, it was of interest to use the ATPase and P i -release assays employed here in a direct comparison between b and a-actins. As seen in Figure 7 , a-actin displays a clear delay between hydrolysis and P i -release, con®rming previous observations and demonstrating a clear difference between the muscle and nonmuscle actins.
Viscometry
To obtain information about the quality of the polymers formed from the H73A-mutant, ®lament formation was studied by high shear viscometry ( Figure 8 ). Addition of 1 mM MgCl 2 and 100 mM KCl to H73A-actin monomers in the Mg-form led to a viscosity increase after a much longer lag phase than in the case of b-actin yeast . Furthermore, both the maximal rate of viscosity increase of the mutant protein and the steady state level of viscosity was signi®cantly lower. Since the A cc of H73A was only slightly increased in comparison with b-actin yeast (Table 2) , this suggests that the H73A-mutation affected not only the assembly process, but also the stability of the ®laments. 
Analysis of Methylhistidine in Actin
Decoration with myosin subfragment 1
The morphology of the ®laments formed from H73A-actin could not be distinguished from those of b-actin yeast as analyzed by electron microscopy after negative staining, and the mutant ®laments bound myosin-S1 fragments, giving rise to the classical arrowhead structure (not shown).
Binding of phalloidin
Histidine 73 is close to residues G158, R177, and D179, which have been implicated in the binding of phalloidin to actin in the ®lamentous form. 
Discussion
Conformationally different states of actin
There are biochemical, spectroscopic and electron microscopic observations indicating that the actin monomer has different conformations depending on the status of the actin-bound ATP, the nature of the divalent cation (Ca 2 or Mg 2 ) at the high af®nity site or at additional sites, and to the degree of oligomerization. 34, 35 Crystallographic investigations on pro®lin:b-actin have directly demonstrated that actin can exist in a tight and an open state, which differ signi®cantly in conformation. 36, 37 The most dramatic difference between the two structures is the opening of the interdomain cleft. It comes about by a 10 rotation of subdomain 1, with the Q137-S145 helix and R335 as pivot points 38, 39 (Figure 1) , which results in an outward shift of the N12-C17 loop, exposing the phosphate tail of ATP to solution. The A cc values were determined by the polymerization of a series of actin concentrations using the pyrenyl-actin assay. The highaf®nity cation bound to actin prior to polymerization is given in the ®rst column. In the second column, KCl and MgCl 2 refers to 100 and 1 mM, respectively.
In the tight state of actin, the terminal phosphates of the nucleotide are bound by the b-hairpin loops, N12-C17 and D156-V159, which protrude into the interdomain cleft from subdomains 1 and 3, respectively. The b-phosphate is hydrogenbonded to the amide nitrogen atoms of S14, G15, M16, and D157, and the g-phosphate is bound to amide nitrogen atoms of S14, D157, G158 and V159. In the open state, the hydrogen bond with the amide nitrogen of G15 shifts from the O1 oxygen to the O2 oxygen of the b-phosphate, while the hydrogen bonds of G158 and V159 to the g-phosphate are broken. 37 In the tight state, there are two hydrogen bonds that span the nucleotide-binding cleft. These two bridging hydrogen bonds, between MeH73 and the carbonyl oxygen of G158 and between the guanido group of R183 and the p-electrons of the ring of Y69, 40 stabilize the closed ATPform of the actin molecule. In the open state, these hydrogen bonds are broken.
In addition to the loop-phosphate-loop links and the bridging hydrogen bonds, the two major domains of actin are connected through a charge network involving mostly long-chained residues: E72 and MeH73 from one side of the cleft and D157, R177, D179 and R183 from the other. The long-chained residues shield the ATP phosphates from the solvent on one side of the molecule. On the opposite side, there is another set of large residues (M16, K18, K336, and Y337) separating the polyphosphate tail from solvent in both the open and tight states. The transition from the tight to open state does not result in any major changes in this barrier region. (a) , the graph describing hydrolysis of ATP levels off before an amount of ATP stoichiometric to the amount of actin added has been hydrolyzed, and in both experiments the ®nal amount of P i released appears to be slightly higher than the total amount of ATP hydrolyzed. These observations were reproducible (n 3), and might be explained by some of the radioactive P i being trapped in the protein precipitate on the TLC plate. This anomaly, however, does not affect the interpretation of the results. 
Analysis of Methylhistidine in Actin
The structures of different actins determined from crystals of DNase I:a-actin, 15 gelsolin subfragment I:a-actin complexes, 41 gelsolin subfragment I:yeast actin, 42 and gelsolin subfragment I:Dictyostelium-actin 42, 43 all correspond to the tight state found for b-actin in the pro®lin:b-actin crystals. It has been noted that the conformation of actin appears relatively unchanged regardless of whether the nucleotide is ATP or ADP, or whether the tightly bound divalent cation is Ca 2 or Mg 2 . This may seem contradictory in the light of many observations indicating that the actin can attain different conformations depending on the nature of bound ligands. 35, 44 The invariability in the a-actin crystal structures may be explained by clamping of the two domains by DNase I-binding across the cleft between subdomains 2 and 4 of actin in the DNase I:actin crystals, or by packing interactions in the case of the gelsolin subfragment 1:a-actin crystals. In the pro®lin:b-actin crystals, the actin is similarly bridged across subdomain 1 and 2 by a neighboring actin molecule that mimics the contact that is made by DNase I to actin. However, in this case the cleft can open and close in response to changes in ionic conditions made possible through intramolecular hinging and shearing movements that are coordinated between the bound actin molecules. 37, 45 It is also known that exchange of ADP and AMP for ATP in the pro®lin:actin crystals signi®cantly in¯uences their diffraction. 45 
Interdomain relationships in actin
Exchanging ATP with ADP in actin results in a signi®cant reduction in the stability of the protein, and removal of the nucleotide leads to a rather rapid loss in polymerizability. 46 As shown previously, the effects of mutations in the nucleotidebinding cleft on the spatial relationship between the major domains of actin can be evaluated by determining the DNase I-inhibiting activity, thermal stability and nucleotide exchange rate of the mutated protein. 30 The H73A mutation, as well as mutations in the loops binding the phosphate cause signi®cant decreases in the DNase I-inhibiting activity of the actin, whereas the previously described R177D mutation did not. All four mutations (H73A, R177D, 10 S14C, 9 and the double mutation S14C/D157A 9 ) made the actin less stable at increased temperature, increased the nucleotide exchange rate, and reduced the rate of polymerisation. This further emphasizes the importance of the non-covalent bonds between the two major domains to the stability and polymerizability of actin. The ATPase activity of the actins, however, was not altered much by the mutations, when assayed in the presence of Mg 2 .
The results obtained here with b-actin mutated at histidine 73 are in close agreement with those reported by Yao and co-workers. 24 These investigators reported that replacing H73 with positively charged residues, arginine or lysine, stabilized actin, whereas the introduction of glutamic acid was destabilizing. This is explainable in terms of the coordinating position of H73 in the charge network, illustrated in Figure 1 .
Recently, a crystal structure of uncomplexed actin in the ADP state was reported. 47 Actin was kept in a monomeric state by a covalent binding of tetramethylrhodamine maleimide (TMR) to the C terminus. The position of subdomain 2 is different in this structure as compared to previously determined a-actin structures. It has moved via a rotation around the same hinge region that is involved in the movement of subdomain 2 in the tight-to-open state transition of pro®lin:b-actin. 37 However, the rotation of subdomain 1 with respect to subdomains 3 and 4, intrinsic to the opening of the nucleotide binding cleft, is not seen in TMRactin. The changes of subdomain 2 in TMR-ADPactin might be due not just to the transition from ATP to ADP state but also to crystal contacts, or to the tight binding of TMR to the base of subdomain 1. Evidence for allosteric coupling between the C terminus and subdomain 2 has been reported earlier.
48,49
ATPase activity and polymerization It is commonly held that ATP hydrolysis is linked to the polymerization of actin and that P irelease takes place only after ®laments have formed. The results shown in Figure 7 con®rm that this is true for skeletal muscle a-actin. However, the non-muscle b-actin cow is different in this respect, hydrolyzing ATP slightly ahead of the appearance of actin polymers with P i -release closely following ®lament formation. This implies that the use of a-actin might not be appropriate in studies of the interactions of non-muscle actin-binding proteins with actin.
In both b-actin yeast and the H73A mutant actin, nucleotide hydrolysis and P i -release in 1 mM Mg 2 occurred well ahead of ®lament formation and followed closely similar time courses. A comparison of the results shown in Figures 4 and 6 indicates that the main disturbance in the behavior of the bactin yeast and H73A mutant actin is not so much in the timing of nucleotide hydrolysis itself, as in the delayed appearance of actin polymers. It is well known that adenosine trisphosphate is important in holding actin in a polymerization-competent form, which is illustrated by the three to ®vefold slower polymerization of ADP-actin. 50 It is possible that after hydrolysis of ATP, the methylated H73 stabilizes ADP-P i actin in an ATP-conformation long enough for rapid ®lament nucleation and elongation to occur. In the cases of b-actin yeast and H73A mutant actin, where H73 is not methylated, hydrolysis of ATP and P i -release might rapidly convert actin from an ATP-state to the ADP-state. Thus, what is observed in these cases would be the polymerization of ADP-actins, explaining the decreased polymerization rates. This does not exclude the possibility of a coupling between P i -release and ®lament formation in the case of wildtype actins with a methylated H73.
Nucleotide hydrolysis was slowed down in both b-actin yeast and H73A mutant actin under certain conditions, but was largely restored by the addition of Mg 2 , whereas polymer formation was much retarded. While it is true that the N terminus of actin is not identical between bovine and yeastexpressed b-actin (the N-terminal methionine of actin is retained in yeast 29 ), the reason for the pronounced difference in ATP hydrolysis versus polymer formation is more likely due to the lack of the methyl group on H73, or in the case of the H73A mutant to the lack of the whole histidine sidechain.
In the absence of Mg 2 ( Figure 4(d) ), the H73A-actin did not form ®laments and ATP hydrolysis was very slow. Adding EGTA under these conditions ( Figure 5 ) restored the polymerizability of the mutant actin even without the addition of Mg 2 . Since Ca 2 should still be bound at the high af®nity site under these conditions, the stimulatory effect of EGTA on the polymerization appears to be due to the withdrawal of Ca 2 bound to secondary divalent cation-binding sites, but this effect cannot yet be explained in structural terms. A direct effect of EGTA on the protein cannot be excluded.
The differences between the a-actin and b-actin isoforms seen here might be a re¯ection of the necessity for a more rapid turnover of actin ®laments in motile processes in non-muscle cells, compared with the more static organization of actin ®laments in sarcomeres that produce large forces. It is also possible that actin isoform differences in the timing of phosphate release re¯ect subtle variation in free energy coupling mechanisms underlying force generation in the cytoplasm compared with muscle ®bers.
The importance of methylation
The signi®cance of methylation of H73 in actin may be understood from its positioning ( Figure 10 ) and biochemical properties. When the MeHis73 side-chain is protonated, it is fully substituted and carries one positive charge, shared between the two nitrogen atoms. The charge lends salt-bridge character to the MeH73-G158 hydrogen bond, i.e. making it a strong hydrogen bond. Due to p-electron cooperativity, the G158-V159 peptide bond is polarized through the electron-pull from MeH73, increasing the positive nature of the V159 backbone nitrogen. This polarization is further enhanced by the charge on MeH73. This chain of electrostatic interactions strengthens the V159-gphosphate hydrogen bond. The positive charge of the protonated MeH73 is also vital for the interactions with its neighbors E72 and D179. Thus, the charged MeH73 side-chain makes contact with three residues, two of them across the base of the nucleotide-binding cleft.
Histidine 12 in bovine pancreatic ribonuclease A is positioned as H73 in actin, with the d1-nitrogen involved in a hydrogen bond to a backbone oxygen, and the e2-nitrogen exposed to bulk solution. In this particular histidine, the pK a of the d1-nitrogen has been determined to be higher than 8, whilst that of the e2-nitrogen is around 6.2. 51 This implies that in an unmethylated form of actin, the probability for the H73 e2-nitrogen to be protonated is low. As a consequence, the interactions between H73 and its neighbors in the charge network are affected, weakening the strength of both the H73-G158 as well as the V159-g-phosphate hydrogen bond.
It is clear from this analysis that a positively charged residue at position 73 plays a central role in stabilizing a network of electrostatic interactions that bind the polyphosphate tail of ATP in actin. The methylated His in this position in the tight state of actin is hydrogen-bonded via its d1 nitrogen. Therefore, its pK a is likely to be elevated to more than 8. 51 In the open state, the H73-G158 hydrogen bond is broken and the d1-nitrogen is exposed to solvent causing a dramatic drop in the pK a of the d1-hydrogen. The effect is that the d1-hydrogen is easily lost into solution and the MeH73 side-chain loses its positive charge, abolishing the possibilities for electrostatic interactions. In conclusion, MeH73 may act as a switch in the cleft opening mechanism, where cleft opening leads to deprotonization, causing further weakening of the interactions between the two halves of actin.
On the``front-door'' mechanism of phosphate release in actin
In the presence of Mg 2 , the actin ATPase activity is greatly stimulated. Under these conditions, the region near Y69 (R62 -K68) is protected from proteolysis 52 suggesting that the interdomain cleft is closed. Thus, it is possible that the binding of Mg 2 to actin stabilizes the tight state of actin allowing nucleotide hydrolysis to take place. Following ATP hydrolysis, breakage of the interdomain hydrogen-bond bridges might allow the opening of the cleft, facilitating release of the g-phosphate directly into the solvent. This is clearly seen in the tight-to-open transition, in which actin attains a state where the cleft opens up to expose the phosphates (Figure 1) .
The phosphate release mechanism envisioned here is quite different from the``back-door'' mechanism proposed earlier, 53 which involves a solvent channel underneath H73, rather than through the front-door suggested by crystallographic analysis (Figure 1) . It was proposed, on the basis of molecular dynamics simulations on yeast actin, that formation of a salt-bridge between H73 and D184 creates a state facilitating P i -release. This was thought to be part of a series of transfers, involving also R177, that ushers the phosphate ion through a small solvent channel (the back door) connecting the interior of the protein to the bulk solvent. It should be mentioned that the sequence around the nucleotide-binding site in yeast actin is highly conserved, except that yeast actin lacks the methyl group on H73.
As shown in Figure 1 , MeH73 and D184 in the crystallographically determined open state of the b-actin, have actually moved further apart, allowing D184 to form a salt-bridge with R183 rather than with H73. Also, in the tight-to-open state transition, R177 of b-actin moves from hydrogen bonding with the backbone atoms of MeH73 to a saltbridge interaction with the D179. These considerations suggest that changes in actin conformation contributing to an opening of the cleft allow the inorganic phosphate to escape directly into the solution via the front-door. Actin-binding proteins could trigger these events.
Materials and Methods
Protein preparation
Site-directed mutagenesis of the chicken b-actin gene, its subcloning into the S. cerevisiae expression vector, fermentation of the yeast and isolation of wildtype and mutant b-actins were performed as described. 9, 28 It should be noted that chicken b-actin is identical in sequence to mammalian b-actin. Bovine bactin was isolated from calf thymus pro®lin:actin, 54 and rabbit skeletal muscle a-actin was isolated as described earlier. 55 The intactness of the actin C termini was veri®ed by the increase in absorbance upon binding of Cu 2 to actin 56 as detailed. 9 This is important, since actin that has lost its C-terminal amino-acid residues behaves abnormally. 52, 57 Actin with Mg 2 at the high af®nity cation-binding site was obtained by incubating Ca-actin in buffer G (0.5 mM ATP, 0.1 mM CaCl 2 , 0.5 mM DTT, 5 mM Tris, pH 7.6) supplemented with 50 mM MgCl 2 and 0.2 mM EGTA for ten minutes at room temperature. 58 Pyrene-labeling was done as described. 59 Actin concentration was determined from the absorbance at 290 nm using an absorbance coef®cient of 0.63 ml mg À1 cm
À1
.
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DNase I-affinity and monomer stability
The af®nity of the actin:DNase I-interaction was determined from double-reciprocal plots of the DNase I-inhibition as a function of actin concentration. The DNase Iinhibition was measured at 25 C using the DNase I-inhibition assay. 61 To determine the thermostability of the H73A-actin monomer, the DNase I-inhibition assay was used as described. 30 Brie¯y, Ca and Mg-actin as de®ned above (7.2 mM) in G-buffer were incubated at 40 C for ten minutes. The temperature was then raised by two degrees every three minutes. Samples of the incubation mixtures were withdrawn and their DNase I-inhibiting activity measured at the end of each three-minute period. The temperature at which the DNase I-inhibiting activity was reduced to 50 % of the activity measured at 25 C was de®ned as t 1/2 .
Nucleotide exchange
G-actin (in either the Mg or Ca-form) was freed from excess nucleotide by gel ®ltration over a Sephadex-G25 column (PD-10, Pharmacia, Sweden) equilibrated with ATP-free G-buffer (with and without 0.2 mM EGTA and 50 mM MgCl 2 , respectively). Thereafter the protein concentration was adjusted to 6 mM. After addition of 300 mM eATP (Molecular Probes, Eugene, OR), the¯uor-escence increase at >408 nm (l ex 360 nm) was monitored using a Sigma ZWS II spectro¯uorimeter (Biochem Wissenschaftliche Gera È te GmbH, Puchheim, Germany). Under these conditions, rebinding of ATP is negligible, and the rate of incorporation of the¯uorescent nucleotide represents the off-rate for ATP (k ÀATP ), e.g. Kinosian et al. 31 Estimates of k ÀATP were made by ®rst-order curve ®tting of the experimental data using Origin (Microcal Software, Northampton, MA).
Polymerization assays
Polymerization of actin was measured with either Ca 2 or Mg 2 at the high-af®nity binding site (Ca and Mg-actin, respectively) at 25 C and pH 7.6 using the pyrenyl-assay. 59 Polymerization was initiated by addition of either KCl to 0.1 M ®nal concentration, or KCl and MgCl 2 to 0.1 M and 1 mM, respectively. Filament formation was monitored by following the increase in¯uorescence due to the presence of 2 % pyrene-labeled bovine b/g-actin (l ex 365 nm; l em 410 nm). Fluorescence measurements were performed using a microplate reader (Fluoroskan II, Labsystems, Finland). The critical concentrations for polymerization of b-actin yeast and H73A-actin in different salt conditions were determined essentially as described. 32, 62 Actin was mixed with 2 % pyrene-labeled actin and diluted to concentrations ranging between 0.02 and 2.0 mM. After addition of polymerizing salts the reaction mixtures were incubated for 14 hours at 20 C. The resulting steady-state¯uorescence was recorded as above.
ATP hydrolysis and phosphate release
The inorganic phosphate formed by the intrinsic ATPase activity of G-actin was measured by the phosphomolybdate procedure of Sugino and Miyoshi 63 as modi®ed by Spudich. 64 All other ATPase experiments were carried out as follows. Actin at 8 mM was equilibrated with [g-32 P]ATP (0.1 Ci/mmol ATP, ®nal activity), MgCl 2 and EGTA prior to the onset of ®lament formation. Polymerization was induced by the addition of 1.0 mM MgCl 2 or 100 mM KCl, or both, aliquots of 0.5 ml were withdrawn at different time points and loaded onto TLC plates cut to 4 cm Â 8 cm (PEI cellulose F, plastic sheets, Merck, Darmstadt, Germany). The absorption of actin to the cellulose quenched further ATP hydrolysis. The TLC plates were dried thoroughly, developed in 0.2 M NH 4 HCO 3 (pH 8), dried and placed in a storage phosphor screen cassette (BAS cassette 2325, Fuji Photo Film Co., ltd) for 20-30 minutes. The phosphor screen was read using a Fuji®lm FCA-3000 (Fuji Photo Film Co., ltd), and the relative amounts of 32 P i and [g- 32 P]ATP were quanti®ed using the program Image Gauge (Fuji Photo Film Co., ltd). The amount of hydrolyzed ATP was calculated as follows: in each sample, the radioactivity of the generated 32 P i relates to the total radioactivity ( 32 P i [g-32 P]ATP) as the P i relates to the total amount of ATP added to the buffer, which was 0.5 mM. Thus, the amount of hydrolyzed ATP, expressed in mM is ( 32 P i /total) Â 500-t o , where t o is the amount of P i in the reaction mixture immediately prior to the addition of polymerizing salt.
For measurement of phosphate release from polymerizing actin, the reaction mixture was prepared as described for the TLC assay above. At each time point a 30 ml aliquot was withdrawn and placed in a 200 ml ®l-tration ®lter unit with a molecular cutoff of 30 kDa (Ultrafree-MC, Millipore Corporation, Bedford, MA, USA). The sample was centrifuged for ®ve seconds, to allow for a few ml to pass through the ®lter. Subsequently 0.5 ml from the ®ltrate was placed on a TLC plate as above. All release assays was performed simultaneously with ATPase measurements and using the same reaction mixture.
Viscometry
Viscometry was performed at 25 C in a capillary viscometer (Cannon-Manning 100) with a buffer¯ow-time of 56 seconds. Measurements were done using 0.7 ml Mg-actin at 7.1 mM. After determination of the¯ow time of G-actin, polymerization was induced by addition of salt to 100 mM KCl and 1 mM MgCl 2 . The viscosity was recorded at two-minute intervals.
Phalloidin-binding
Binding of rhodamine-phalloidin to ®lamentous actin was monitored spectro¯uorimetrically (l ex 544 nm; l em 590 nm) using a microplate reader (Fluoroskan II, Labsystems, Finland). This takes advantage of the 20-fold increase in¯uorescence of rhodamine-phalloidin upon binding to F-actin. 65 
